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We describe an experimental technique for associating the satellite lines in a rare earth optical
spectrum caused by a defect with the rare earth ions in crystal sites around that defect. This method
involves measuring the hyperfine splitting caused by a magnetic dipole-dipole interaction between
host ions and a magnetic defect. The method was applied to Ce3+:EuCl3·6H2O to assign 13 of
the outermost 22 satellite lines to sites. The assignments show that the optical shift of a satellite
line is loosely dependent on the distance to the dopant. The interaction between host and dopant
ions is purely dipole-dipole at distances greater than 7 A˚, with an additional contribution, likely
superexchange, at distances less than 7 A˚.
PACS numbers: 42.50.Ex, 76.30.Kg, 61.72.S-
I. INTRODUCTION
The optical spectra of rare earth ions in crystals com-
monly display satellite lines: multiple weak lines arrayed
on either side of the optical main line and separated from
it by up to terahertz. These satellite lines arise from
rare earth ions in sites neighboring to point defects such
as chemical impurities. Frequently, the defects causing
satellite line structure in a rare earth crystal are other
rare earth impurities, and in the case where the optically
active rare earth ion itself is a dopant, satellite lines arise
from neighboring pairs of dopant ions.
Satellite lines provide an opportunity to probe the di-
rect neighborhood of a defect, and are often used to
identify, and characterize, defects in crystals1–3. In
rare earth doped crystals, ion-pair satellite lines allow
energy-transfer and resonant electronic interactions be-
tween closely separated ions to be studied4. Because
each pair site is due to ions with a fixed separation, the
distance dependence of interactions can be determined
from measurements on many different satellite lines. In
Pr3+:LaF3, for example, energy transfer between Pr
3+
ions separated by more than 4.2A˚ is predominantly due
to an electric dipole dipole interaction5,6, but at shorter
distances, there is a substantial additional contribution
from another mechanism, attributed to superexchange5,7.
A better understanding of these nearest-neighbor inter-
actions is useful for practical applications, such as lasers,
because even if the proportion of rare earth ions in pair
sites is small, they can be the dominant source of up-
conversion and fluorescence quenching processes8.
Satellite lines have also been suggested as a way of
making a frequency-addressed, ensemble-based quantum
computing system that can be scaled to moderate num-
bers of qubits9. This quantum computing scheme re-
quires a crystal stoichiometric in the rare earth ion of
interest, such as Eu3+, and doped lightly with another
rare earth. Satellite lines in such a material arise from
Eu3+ ions surrounding dopant ions, with each satellite
line due to an ensemble of Eu3+ ions in a unique position
relative to the dopant ions. Using these satellite lines as
qubits has the twin advantages of a high density of ions
in each ensemble qubit and very strong, homogeneous
interactions between qubits, which arise because the sep-
aration of ions in one qubit from their partners in another
qubit are of the order of angstroms. Additionally, rare
earth ions in solids can have very long optical and nuclear
coherence times, and have long been considered a good
platform for quantum computing10–14.
A common difficulty when studying interactions be-
tween rare earth ions in satellite lines, which also ham-
pers experimental demonstrations of quantum computing
in stoichiometric materials where these interactions are
used to enact multi-qubit gates, is the difficulty in de-
termining the crystallographic site around a dopant to
which a particular satellite line is due. Site assignments
have only been achieved in a small number of high sym-
metry materials, in which it is possible to exploit the sym-
metry to assign sites2,15,16. In this paper, we describe a
method for assigning satellite lines caused by a magnetic
defect to crystallographic sites that is applicable to all
symmetries: satellite lines are assigned by measuring the
effect of the magnetic dipole-dipole interaction between
defect and rare earth ions on the ground state hyperfine
structure of the rare earth ion.
To demonstrate the method, site assignments were per-
formed for satellite lines caused by Ce3+ in EuCl3·6H2O.
As the satellite line structure of rare earth doped
EuCl3·6H2O changes only by a scaling factor for different
dopants, these assignments apply to all rare earth doped
EuCl3·6H2O crystals. EuCl3·6H2O was chosen because it
is a good candidate for the stoichiometric quantum com-
puting scheme described above, as it can have long co-
herence times when fully deuterated and has the narrow-
2est optical inhomogeneous linewidth of any stoichiomet-
ric solid, allowing a high density of ions in each prepared
ensemble qubit. The site assignments presented here will
allow the interactions between different satellite lines to
be measured and characterized, and the performance of
multi-qubit gates enacted using these interactions to be
estimated.
II. THEORETICAL BACKGROUND
EuCl3·6H2O is a monoclinic crystal with P2/n crystal
symmetry and C2 symmetry at the Eu
3+ site17,18. The
two Eu3+ isotopes, 151Eu and 153Eu, have nuclear spin
I = 5
2
and the singlet optical ground (7F0) and excited
(5D0) states are split into three doubly degenerate hy-
perfine levels in zero magnetic field, with splittings of the
order of 50 MHz19. The hyperfine structure of a single
optical transition can be described by a spin Hamiltonian
of the form20:
H = B ·M · Iˆ+ Iˆ ·Q · Iˆ (1)
with B the magnetic field, Iˆ the nuclear spin operator,
M = R(α, β, γm)


gx 0 0
0 gy 0
0 0 gz

RT (α, β, γm) (2)
the enhanced nuclear Zeeman tensor, and
Q = R(α, β, γq)


−E 0 0
0 E 0
0 0 D

RT (α, β, γq) (3)
the effective quadrupole tensor. In Equations (2) and (3),
R(α, β, γ) is a rotation matrix in three Euler angles, of
the form given in Ref. 21. The C2 symmetry of the Eu
3+
site constrains one of the three principal axes of both M
and Q to lie along the crystal C2 axis. The orientation of
the C2 axis relative to the z axis of the coordinate system
used is given by the Euler angles α and β. The spin
Hamiltonian of the optical ground and excited states of
Eu3+ in EuCl3·6H2O has been characterized previously.
To assign satellite lines to crystallographic sites in
EuCl3·6H2O, the crystal was doped with Ce3+, a
Kramers dopant. The presence of a Kramers dopant
has been shown to lead to superhyperfine splitting of
the ground state hyperfine levels that differs for differ-
ent satellite lines, with the size of the splitting commen-
surate with a magnetic dipole-dipole interaction between
the electronic moment of the Kramers dopant ion and the
nuclear moment of the Eu3+ ions22. Assuming a mag-
netic dipole-dipole interaction, the spin Hamiltonian of
the coupled Ce3+–Eu3+ system is the spin Hamiltonian
in Equation (1) with two additional terms, the Zeeman
Hamiltonian of the dopant and the dipole dipole interac-
tion:
Hi = B ·M · Iˆ+ Iˆ ·Q · Iˆ+ Bˆ ·MCe · Sˆ+Hidd . (4)
FIG. 1: The first shell of Eu3+ ion positions around a central
dopant ion in EuCl3·6H2O, with ion sites labeled according
to their distance from the dopant. The crystal C2 axis runs
through sites 2 and 3, and the dashes indicate equivalent sites
related by a 180◦ rotation about the C2. The ions are sep-
arated from the dopant by between 6.4 A˚ (site 1) and 7.9
A˚(site 7). The closest ions in the next shell are 9.7 A˚ from
the dopant.
In this equation Sˆ and MCe are the electron spin oper-
ator and Zeeman tensor of Ce3+ respectively and Hidd is
the magnetic dipole-dipole interaction. The dipole-dipole
interaction is dependent on the position of the Eu3+ ion
relative to the dopant, given by the site index i, meaning
that different satellite lines, which are due to different
crystallographic sites, will have different hyperfine split-
tings. The Eu3+ ion positions around a dopant ion in
EuCl3·6H2O are shown in Figure 1. The sites are labeled
according to their distance from the dopant ion.
The dipole-dipole interaction can be written
Hidd =
µ0h
4pi|ri|3
[
(M · Iˆ) · (MCe · Sˆ)
−3(rˆi ·M · Iˆ)(rˆi ·MCe · Sˆ)
]
, (5)
where ri is the position vector joining the Eu
3+ and Ce3+
sites, which can be determined for each site from the crys-
tal structure18. The Zeeman tensor MCe of Ce
3+, which
has the same form as Equation (2), has been measured
in YCl3·6H2O23. The Zeeman tensor components were
measured to be gx = 37.4 GHz/T, gy = 10.9 GHz/T, and
gz = 32.2 GHz/T, with one principal axis (gz) lying along
the crystal C2 axis, while the others lie in the (010) plane
with the axis corresponding to gy 21
◦ clockwise from
[100]. As YCl3·6H2O is isostructural with EuCl3·6H2O
and the two rare earth ions are fairly similar in radius,
the electronic magnetic moment of Ce3+ in EuCl3·6H2O
will be very similar to that of Ce3+ in YCl3·6H2O.
3III. EXPERIMENTAL METHOD
Satellite lines were assigned to crystallographic sites in
0.1% Ce3+:EuCl3·6H2O by recording the hyperfine split-
ting of each satellite line as an external magnetic field
was rotated about the sample and fitting this rotation
pattern to the spin Hamiltonian of Equation (4) to de-
termine the site index i.
The experimental method used was similar to that re-
ported previously19. The 0.1%Ce3+:EuCl3·6H2O crys-
tal used was grown from a water solution using 99.999%
CeCl3·7H2O and EuCl3·6H2O starting materials. The
crystal was mounted in a set of three-axis superconduct-
ing coils with the [100] axis approximately parallel to the
x axis of the superconducting coils and the laser direc-
tion, and the [010] direction approximately aligned with
the −z axis of the coils. The laser was polarized along
the crystal C2 axis, [010].
The sample was cooled to approximately 2 K in a he-
lium bath cryostat, and the external magnetic field was
rotated in a spiral in 200 steps about the sample given
by
B =


−B0
√
1− t2 sin 6pit
B0t
−B0
√
1− t2 cos 6pit

 (6)
for t ranging from −1 to +1. The hyperfine structure
was recorded with Raman heterodyne double resonance
spectroscopy24. A Coherent 699-29 dye laser tuned to
the 7F0 →5D0 transition at 517148.5 GHz was used to
supply the optical field needed for Raman heterodyne
spectroscopy, while a small 8-turn coil mounted around
the crystal inside and coaxial with the x axis of the su-
perconducting coils was used to supply an rf field. An
rf signal of approximately 0.1 mT was generated with an
HP Spectrum Analyzer connected to a 40 W rf amplifier.
The combination of optical and rf fields results in coher-
ent emission at the sum and difference frequencies of the
two fields, which was detected as a beat on the transmit-
ted laser light by the same spectrum analyzer that was
used to generate the rf field.
A two-dimensional Raman heterodyne double reso-
nance spectrum of 0.1% Ce3+:EuCl3·6H2O is shown in
Figure 2. The satellite lines for which rotation patterns
were recorded are labeled in this figure. Initially, rotation
patterns for the 27 and 29 MHz hyperfine ground state
transitions of 151Eu3+ were recorded with B0 = 21 mT
in the center of the optical line at 517148.5 GHz, where
the signal is due to Eu3+ ions unperturbed by Ce3+.
This allowed the orientation of the magnet coordinate
frame relative to that of the previous spin Hamiltonian
characterization19 to be determined. Following this, ro-
tation patterns were recorded for only the 29 MHz hy-
perfine ground state transition for the 22 labeled satellite
lines in Figure 2 with B0 = 10.5 mT. A smaller applied
magnetic field was used for the satellite lines because it
results in larger differences between the rotation patterns
of different satellite lines.
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FIG. 2: Excitation spectrum of 0.1%Ce3+:EuCl3·6H2O with
a logarithmic vertical axis (top) and double resonance spec-
trum of the 29 MHz ground state transition of 151Eu3+ in
0.1%Ce3+ :EuCl3·6H2O (bottom). The labeled satellite lines
are those rotation patterns were recorded for. The color axis
in this, and all subsequent double resonance spectra, is loga-
rithmic.
IV. RESULTS
Raman-heterodyne-detected rotation patterns about
the 27 and 29 MHz ground state transitions of 151Eu3+
in 0.1% Ce3+:EuCl3·6H2O are shown in Figure 3. These
rotation patterns are described by Equation (1) and the
spin Hamiltonian parameters given in Ref. 19. The red
lines in this figure are a fit to the data using this spin
Hamiltonian. The parameters in the fit are three Euler
angles αB , βB, and γB that describe a rotation matrix
R(αB, βB, γB) that rotates the magnetic field B into a
coordinate frame fixed with respect to the crystal axes:
([100],[100]× [010], [01¯0]). The fit shown in Figure 3 gave
αB = 5.00
◦, βB = 7.79
◦ and γB = −6.51◦, which is rea-
sonable given that aligning the crystal with the magnetic
field coils by eye is only accurate to ±10◦. While this
fit gives the alignment of the magnetic field relative to
the crystal axes, there is still an uncertainty of δ = ±10◦
in the orientation of the M and Q tensors in the (010)
plane. This cannot be determined in measurements of
the spin Hamiltonian of the main line, but does effect
rotation patterns of satellite lines. The theoretical fits
shown in the remainder of this paper use δ = −8◦, as
this gives the best fit to most satellite lines.
Three example satellite line rotation patterns are
shown in Figures 4–5 The experimental patterns differ
substantially from that of the main line, Figure 3, with
the 4 lines in that pattern split into either 8 or 16 lines
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FIG. 3: Experimental rotation pattern for the main line of
0.1%Ce3+ :EuCl3·6H2O about the ground state transition of
151Eu3+. The red lines are a fit to the spectrum.
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FIG. 4: Rotation pattern of 0.1% Ce3+:EuCl3·6H2O at
517140.95 THz (line A). Red lines show the best fit theoretical
pattern: site 2 or 3, the two sites on either side of the dopant
along the C2 axis. While these sites are crystallographically
distinct, they have the same rotation patterns.
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FIG. 5: Rotation pattern of 0.1% Ce3+:EuCl3·6H2O at
517145.79 THz (lines E, K and N). Line E is assigned to site
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FIG. 6: Rotation pattern of 0.1% Ce3+:EuCl3·6H2O at
51760.67 THz (line J). This is the outermost satellite line,
and corresponds to the closest ion site, site 1. The reasons
for the poor fit to this satellite line are discussed in the text.
by the dipole-dipole interaction. Eight lines arise because
the interaction is sensitive to the orientation of the Ce3+
magnetic moment, while some sites show 16 lines because
the interaction differs slightly for the two C2 symmetric
positions contributing to that satellite line.
Also shown in Figures 4–5 are the theoretical pattern
for the crystallographic site that gives the best match
to the experimental rotation pattern. As the theoretical
pattern has only one unknown parameter, the site index
i, the fits were determined by comparing the theoretical
and experimental patterns by eye. Satellite line A is due
to one of the two sites on the C2 axis, sites 2 and 3. Al-
though these two sites are crystallographically distinct,
they have the same rotation pattern. Satellite line E is
due to site 7, while line J is due to site 1. Two other
satellite lines, lines N and K, are visible in Figure 5, but
these have patterns very similar to the main line and can-
not be assigned to a crystallographic site. This does not
necessarily imply that these lines are due to sites a long
way away from the dopant: the dipole-dipole interaction
is strongly dependent on the orientation of the site and
there are a number of sites at distances of less than 15
A˚ that show almost no dipole-dipole splitting in the ro-
tation pattern. Even some satellite lines that do show a
dipole-dipole splitting can be difficult to assign to a site
as many of the outer sites (separated by more that 10
A˚) have very similar patterns to each other. The site
assignments that were made are summarized in Table I.
V. DISCUSSION
In the model used to fit the hyperfine structure of
satellite lines, the magnetic interaction between host and
dopant ions was assumed to be dipole-dipole. For the
outer satellite lines (sites 7 and above), such as line E
(Figure 5), the dipole-dipole interaction fit the data well,
justifying this assumption. However, for lines J (Figure
6) and line D, the fit to the data was poor, although suffi-
cient to definitively assign these lines to sites 1 and 4, re-
spectively. Lines A (Figure 4) and C, which were assigned
to the two sites 2 and 3 on the dopant’s C2 axis, also do
5Line Site Distance from dopant (A˚)
A 2 or 3 6.52
B 9 or 10 10.27
C 2 or 3 6.52
D 4 6.74
E 7 7.94
F 9 or 10 10.27
G 15 12.10
H 8 9.66
I 11 10.43
J 1 6.36
L 19 or 22 12.89 (19), 13.27 (22)
M 16 20 or 21 12.63 (16), 13.06 (20, 21)
V 5 7.57
TABLE I: Association between ion sites and satellite lines
determined from experimental rotation patterns. Only those
sites that could be assigned are listed. The sites are labeled by
their distance from the dopant. The actual site positions can
be generated from the crystal structure18, and the positions of
the nearest seven sites to the dopant ions are shown in Figure
1.
not fit as well as most other lines. The four anomalous
satellite lines A,C, D and J arise from the four innermost
sites, with separations to the dopant of between 6.36 and
6.74 A˚. The next closest sites (which give rise to lines
V and E) are ≈ 7.8 A˚ away from the dopant, and show
no anomalous behavior. This suggests that a short range
interaction is contributing to the nearest sites. There are
two possible sources of this interaction: crystal strain and
exchange with the dopant. These are described below.
The strain caused by the Ce3+ dopant can affect the
rotation pattern in two different ways. Firstly, it could
modify the quadrupole and Zeeman tensors of nearby
Eu3+ ions. The quadrupole tensor is certainly modified
to some extent, because the satellite lines have different
zero field hyperfine frequencies to the main line, but the
difference is fairly small, < 0.5%. Any substantial modi-
fication of the Zeeman tensor can be ruled out by looking
at the rotation pattern of Pr3+:EuCl3·6H2O. Pr3+ has a
similar radius to Ce3+, but no electronic magnetic mo-
ment in the ground state because the orbital angular mo-
mentum is quenched, so if the dopant was modifying the
quadrupole and Zeeman tensors, it would be expected
that the rotation patterns on the innermost ion sites in
Pr3+:EuCl3·6H2O would be different from the main line
pattern. We have measured rotation patterns for lines
A and J in Pr3+:EuCl3·6H2O; both these lines have pat-
terns identical to the main line.
The second way the dopant-induced strain can affect
the rotation pattern is by shifting the positions of the
surrounding Eu3+ ions from their unperturbed positions,
thus altering the magnetic dipole-dipole interaction be-
tween the dopant and the Eu3+ ion. The shift of nearest
neighbor ions can be estimated by looking at the rare
earth separations in the isomorphic RECl3.6H2O (RE =
Nd, Gd, Lu)25–27. The rare earth separations in these
materials differ by less than 1% from that in EuCl3·6H2O,
suggesting that a Ce3+ dopant is unlikely to shift the po-
sition of neighboring Eu3+ ions by more than 1%. This is
much smaller than the 10% shifts required to explain the
discrepancy between experimental and theoretical rota-
tion patterns.
The final option is an exchange interaction between the
Ce3+ ion and the nearby Eu3+ ions, most likely superex-
change, which has been seen between rare earth ions with
separations as large as 10 A˚28. The sharp cutoff in the
interaction at ≈ 7 A˚ does provide some evidence that the
interaction is superexchange, as this is a feature of this
interaction.
The site assignments presented here for EuCl3·6H2O
show how the optical and hyperfine frequencies of a satel-
lite line are related to the spatial position of the ions in
that line. In general, the satellite lines in EuCl3·6H2O
that are shifted the most in optical or hyperfine frequency
are the closest sites to the dopant, but some satellite lines
break this trend: line B has the third largest optical shift,
but is due to a site more than 10 A˚ away from the dopant,
while the fact that the line corresponding to site 6 (one
of the first shell sites) is missing suggests that its op-
tical shift is very small. This demonstrates that, while
the interaction between dopant and host ions that results
in optical and hyperfine shifts is distance-dependent, the
distance dependence is not strong. More concrete con-
clusions about the interaction and the distortion field of
the dopant could be made by modelling the optical and
hyperfine satellite structure using the site assignments.
While the site assignment method has been demon-
strated for a stoichiometric Eu3+ crystal doped with an-
other rare earth, it is more generally applicable. It can
be used to assign satellite lines caused by any defect with
a large magnetic moment. The method is useful for both
low and high symmetry materials, and can assign most
of the satellite lines in any material to a single crystallo-
graphic site. In all materials with non-centrosymmetric
rare earth sites, there will be a small number of lines that
can only be assigned to one of two sites related by inver-
sion symmetry, as the spin Hamiltonian itself has inver-
sion symmetry. This is shown here for EuCl3·6H2O: lines
A and C are due to sites 2 and 3, but because the two sites
are related by inversion symmetry and so have identi-
cal rotation patterns, it cannot be determined which line
corresponds to which site. In centrosymmetric crystals,
sites related by inversion no longer have distinct optical
transition frequencies, and all sites can be assigned.
In the rare earth doped crystals more commonly stud-
ied in rare earth spectroscopy site assignments could be
achieved by co-doping the crystal with a Kramers dopant
with a similar radius. For instance, a Pr3+ doped crys-
tal could be co-doped with Ce3+. This would lead to an
additional set of satellite lines due to Ce3+–Pr3+ pairs,
which can be correlated with the Pr3+–Pr3+ lines be-
cause the optical shift of a satellite line is dependent on
6ion radius29. The rotation pattern technique could be
performed on the additional satellite lines to assign them
to sites.
The criterion that allows a satellite line to be used as
a frequency addressed qubit is that it is optically well
resolved from other qubit satellite lines. Where two lines
occur at the same optical frequency, one can be used. Of
the 13 satellite lines whose spatial positions were deter-
mined in this paper, at least 11 could readily be used as
qubits. As these satellite lines are due to the inner shells
of ions around the Ce3+ dopant, the distances between
the 11 qubit lines are small, ranging from 6.4 to 26.3 A˚,
and interactions between the qubits can be expected to
be strong. The next step in this work is to measure these
interaction strengths between different satellite lines.
VI. CONCLUSION
Assigning satellite lines caused by a magnetic defect
in a rare earth crystal to the specific rare earth ion posi-
tions around that defect is possible by utilizing the mag-
netic dipole-dipole interaction between the Eu3+ nuclear
spin and the defect electronic spin. In EuCl3·6H2O, this
method was used to assign 13 of the 22 outermost satellite
lines to crystallographic sites. These assignments showed
that most of the outer satellite lines are due to the inner-
most site positions around the dopant. While the inter-
action between dopant and host ions separated by more
than 7 A˚ is wholly magnetic dipole-dipole, at distances
of less than 7A˚, there is a small contribution to the inter-
action from another mechanism, likely superexchange.
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